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Introduction 
Activities supported by this grant have been concentrated in four 
Work has been concerned with distinct areas during the past six months. 
a study of: 
I. The changes in the minority carrier lifetimes of silicon 
60 resulting from irradiation with Co gamma rays. 
2 .  The optical recombination luminescence in silicon following 
irradiation with Co60 gamma rays or fast neutrons. 
3 .  Thermal stability of defects introduced in highly doped 
germanium by fast neutron irradiation. 
4 .  The properties of highly doped silicon and germanium using 
the tunneling of electrons between a superconductor and the 
semiconductor as a tool for measuring the density of states 
of the semiconductor. 
A major portion of the first topic is nearing completion and will 
be reported in detail in a Ph.D. thesis before the next reporting date 
for this grant. Topic two is weli underway and a portion of this work 
will also form the basis of a Ph.D. thesis. Item three will be submitted 
for publication soon. Item four has just been started with only prelim- 
inary results being obtained to date. A more detailed discussion o i  
each of these topics follows. 
Recombination Luminescence 
0 Optical excitation at 77 K of carefully etched silicon yields 
recombination radiation that peaks at about 1.137 microns and arises 
from the direct recombination of electrons and holes. Irradiation of 
the crystal with fast neutrons or Co gamma rays decreases the effi- 60 
2 
c iency of t h i s  recombination process wi th  t h e  r e s u l t  t h a t  t h e  lumines- 
cence having t h i s  wavelength decreases  i n  i n t e n s i t y .  Concurrent w i t h  
t h e  l o s s  of t h e  luminescence a r i s i n g  from band-to-band recombination i s  
t h e  appearance of luminescence a t  somewhat longer  wavelengths.  The 
spectrum of t h i s  luminescence c o n s i s t s  of s e v e r a l  peaks.  I n  g r o s s  terms, 
t h e  p o s i t i o n  of some of t h e s e  peaks appears  t o  be independent of t h e  
i n i t i a l  r e s i s t i v i t y  of t h e  m a t e r i a l  o r  of t h e  type of r a d i a t i o n .  For 
example, t h e  luminescent spectrum always e x h i b i t s  a peak between 1.31 
and 1.34 microns. Weak luminescence a l s o  g e n e r a l l y  appears between 1.62 
and 1.68 microns and a t  about 1.80 microns.  Ignoring t h e  range of 
v a l u e s  f o r  t h e  moment, t h e  p r i n c i p a l  photon ene rg ie s  involved are about 
0.95, 0.75 and 0.69 e V ,  r e s p e c t i v e l y .  I f  t h e  luminescence r e s u l t s  from 
recombination between a bound charge and a free car r ie r ,  th2 recmbiza- 
t i o n  c e n t e r s  would have energy l e v e l s  a s s o c i a t e d  wi th  them t h a t  are 
about 0.21, 0.41 and 0.47 e V ,  r e s p e c t i v e l y ,  away from a band edge. 
Other s t u d i e s  of r a d i a t i o n  induced d e f e c t s ,  e . g . ,  H a l l  e f f e c t ,  
1 m i n o r i t y  c a r r i e r  l i f e t i m e s ,  and e l e c t r o n  s p i n  resonance have i n d i c a t e d  
levels a t  about t h e  same p o s i t i o n  as i n d i c a t e d  by t h i s  luminescence. 
The d e t a i l s  of t h e  luminescent s p e c t r a  i n d i c a t e  t h a t  t h e r e  are small  
b u t  s i g n i f i c a n t  d i f f e r e n c e s  between some samples which occur a t  va r ious  
s t a g e s  of t h e  i r r a d i a t i o n .  For example, t h e  v a r i a t i o n  of t h e  peak i n  
t h e  luminescent s p e c t r a  between 1.31 and 1.34 microns appears t o  be con- 
s i s t e n t  and r ep roduc ib le .  The s i g n i f i c a n c e  of t h i s  i s  no t  y e t  c lear ,  
a l though i t  sugges t s  t h a t  more than one type of d e f e c t  may be involved. 
S tud ie s  have been made on several samples as a f u n c t i o n  of t h e  
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e x t e n t  of i r r a d i a t i o n .  
and 1 x 10 roentgen and f a s t  neutron r a d i a t i o n s  between 1 x 10 nvt  
Co60 gamma i r r a d i a t i o n s  between 1 x 10 roentgen 
8 1 2  
3 
and 4 x 1013 n v t  have been made. 
microns i n c r e a s e s  monatonical ly  with i r r a d i a t i o n  b u t  n o t  i n  a l i n e a r  
f a sh ion .  The i n t e n s i t y  of t h e  long wavelength luminescent peaks re la t ive  
t o  t h e  peak a t  1.31 microns inc reases  w i t h  i r r a d i a t i o n .  This  r e s u l t  
sugges t s ,  as has  been seen  by o ther  measurements, t h a t  no t  a l l  of t h e  
d e f e c t s  are genera ted  a t  t h e  same ra te .  
The luminescent  i n t e n s i t y  a t  1.31 
Figures  1 and 2 are r e p r e s e n t a t i v e  of t h e  type  of d a t a  t h a t  are 
be ing  r o u t i n e l y  obta ined  now. 
d a t a ,  bu t  on ly  r e p r e s e n t a t i v e  s p e c t r a  f o r  n- and p-type material .  
p l o t s  g i v e  t h e  number of emi t ted  photons of energy E i n  an  energy range  
AE as a f u n c t i o n  of t h e  wavelength of t h e  emi t t ed  l i g h t .  Correc t ions  
h m e  thus beer? made f o r  the  response of t h e  d e t e c t o r  and of t h e  mono- 
chromator. 
No a t tempt  i s  made t o  p r e s e n t  a l l  of t h e  
The 
Survey measurements on c r y s t a l s  of v a r i o u s  r e s i s t i v i t y  and as a 
f u n c t i o n  of l a r g e r  neut ron  i r r a d i a t i o n s  w i l l  be  cont inued.  De ta i l ed  
v a r i a t i o n s  i n  t h e  s p e c t r a  w i l l  be s t u d i e d  a t  l i q u i d  hel ium temperatures  
w i t h  a monochromator having g r e a t e r  d i s p e r s i o n  than  t h a t  used i n  t h e s e  
survey measurements. 
Attached t o  t h i s  r e p o r t  i s  a copy of t h e  a b s t r a c t  of a paper t h a t  
w i l l  be  presented  a t  t h e  American Phys ica l  Soc ie ty  i n  March, 1966. 
Minor i ty  Carrier L i fe t imes  i n  I r r a d i a t e d  Materials 
The temperature  dependence of t h e  minor i ty  carr ier  l i f e t i m e  has  
been measured on a l a r g e  number of s i l i c o n  c r y s t a l s  t h a t  have been i r r a d -  
i a t e d  w i t h  Co gamma rays  a t  room temperature .  Both n- and p-type 
samples produced by t h e  f l o a t  zone and t h e  Czochra lsk i  technique  were 
60 
used. The p-type samples were boron doped and t h e  n-type samples were 
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phosphorus doped. Since a major po r t ion  of t h i s  work i s  nea r ing  comple- 
t i o n  and t h e  Ph.D. t h e s i s  w i l l  form a major r e p o r t ,  only a b r i e f  ske t ch  
of t h e  r e s u l t s  w i l l  be given he re .  
High r e s i s t i v i t y  n-type f loat-zone m a t e r i a l  
The major recombination d e f e c t  appears  t o  be a t  E - 0.40 e V .  
C 
This i s  0.07 t o  0.03 eV higher  than  t h e  phosphorus-vacancy complex 
i d e n t i f i e d  by Sonder and Templeton2 and Corbet t  and Watkins. 
This  d e f e c t  anneals  i n  a t  l e a s t  two s t a g e s ,  one near  100 C and one 
much h ighe r .  An energy l e v e l  c l o s e r  t o  t h e  conduction band i s  
.also-s@ and i s  be l i eved  to  r e s u l t  from t h e  S i  - A c e n t e r .  
p-Type p u l l e d  material 
3 
0 
Two recombination i e v e i s  are four;d. The f i r s t  appears 
about midway i n  t h e  gap and t h e  second i s  be l i eved  t o  r e s u l t  from 
t h e  S i  - A c e n t e r .  The second l e v e l  can be i d e n t i f i e d  as r e s u l t -  
ing from t h e  S i  - A c e n t e r  on ly  when t h e  temperature dependence 
of t h e  c r o s s  s e c t i o n  of  the A c e n t e r  as observed by Galkin4 i s  
used. 
ab ly  w e l l  f i t  by t h i s  procedure.  
n-Type pu l l ed  __- m a t e r i a l  
The shape of t h e  l i f e t i m e  E temperature curve i s  reason- 
The d a t a  taken using t h i s  m a t e r i a l  i s  extremely hard t o  
analyze.  I n  20 ohm-cm m a t e r i a l ,  t h e  S i  - A c e n t e r  seems t o  con- 
t r o l  t h e  l i f e t i m e ,  For higher  r e s i s t i v i t y  m a t e r i a l ,  a deeper 
l e v e l  c o n t r o l s  t h e  l i f e t i m e .  Trapping c e n t e r s  p re sen t  i n  t h e  
u n i r r a d i a t e d  material prevent measurements from being made a t  
s u f f i c i e n t l y  low t e m p e r a t u r e s  t o  determine whether t h e  S i  - A 
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c e n t e r  i s  a l s o  p r e s e n t .  
p-Type f lobt-zone material 
A deep recombination l e v e l  c o n t r o l s  t h e  minor i ty  c a r r i e r  
l i f e t i m e  i n  t h i s  m a t e r i a l .  Watkins and Corbet t5  have i d e n t i f i e d  
a l e v e l  a t  E + 0.25 e V  i n m a t e r i a l  of t h i s  t ype  as r e s u l t i n g  
from t h e  divacancy. 
Ev + 0.28 e V  which probably corresponds t o  t h e  same d e f e c t .  
recombination l e v e l  found i n  t h e  p r e s e n t  experiment does not  
V 
Sonder and Templeton6 f i n d  a l e v e l  a t  
The 
appear t o  r e s u l t  from t h e  same d e f e c t ,  however, s i n c e  i t  anneals  
a t  about 100°C compared t o  t h e  observed s t a b i l i t y  t o  26OoC of 
Watkins and Corbe t t .  
Attached t o  t h i s  r e p o r t  i s  an a b s t r a c t  of t h e  paper t h a t  w i l l  b e  pre- 
s en ted  a t  t h e  American P h y s i c a l  Society i n  March, 1966. 
Thermal S t a b i l i t y  of I r r a d i a t i o n  Induced Defects  
It i s  of cons ide rab le  interest  t o  determine whether d e f e c t s  
i n t roduced  by room temperature  i r r a d i a t i o n  of h i g h l y  doped materials 
have t h e  same thermal anneal ing c h a r a c t e r i s t i c s  a s  do d e f e c t s  i n  more 
p u r e  materials. Germanium con ta in ing  2.2 x cm antimony donors 
shows no temperature dependence of t h e  r e s i s t i v i t y  below 10 K. 
m a t e r i a l ,  t h e r e f o r e ,  e x h i b i t s  an impuri ty  band t h a t  i s  only p a r t i a l l y  
-3 
0 This 
f i l l e d .  I r r a d i a t i o n  wi th  f a s t  neutrons in t roduces  deep accep to r  l e v e l s  
which tend t o  compensate t h e  m a t e r i a l .  Following t h e  r a d i a t i o n ,  t h e  
r e s i s t i v i t y  a t  helium temperature e x h i b i t s  an a c t i v a t i o n  energy. It is  
b e l i e v e d  t h a t  t h i s  a c t i v a t i o n  energy i s  determined by t h e  amount of 
o v e r l a p  among t h e  occupied donor wave  function^.^ Thus , t h i s  a c t i v a t i o n  
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energy i s  s e n s i t i v e  t o  t h e  d i s t r i b u t i o n  of t h e  occupied donors. Measure- 
ments were made of t h e  H a l l  constant  a t  273'K and 1.8'K. 
Figures  3 and 4 i l l u s t r a t e  t h e  behavior of t h i s  m a t e r i a l  fol lowing 
i sochrona l  anneals  of 45 minutes a t  each temperature.  The o r d i n a t e  repre-  
s e n t s  t h e  f r a c t i o n  of t h e  damage remaining a t  each s t a g e  of t h e  anneal .  
For t h e  c a r r i e r  concen t r a t ion ,  n ,  t h i s  i s  de f ined  a s  
n - n  
n - - n  
0 f +  
0 1  
where no i s  t h e  carr ier  concen t r a t ion  p r i o r  t o  i r r a d i a t i o n ;  n 
c a r r i e r  concen t r a t ion  a f t e r  i r r a d i a t i o n  and n i s  t h e  carr ier  concentra- 
i s  t h e  I 
t i o n  a f t e r  any annea l ,  
t i t i e s .  
The same d e f i n i t i o n  a p p l i e s  t o  t h e  o t h e r  quan- 
The fol lowing observat ions can be made. 
0 
1. The carrier concen t r a t ion ,  n ,  measured a t  78 K ,  i n c r e a s e s  
r a t h e r  ab rup t ly  a t  about 30OoC. 
0 2.  The m o b i l i t y ,  p, measured a t  78 K ,  i nc reases  r a t h e r  con- 
0 t i nuous ly  between 100°C and 250 C with an ab rup t  i n c r e a s e  
a t  25OoC. 
These two obse rva t ions  suggest  t h a t  t h e  s c a t t e r i n g  of e l e c t r o n s  by 
charged d e f e c t s  i s  dec reas ing  while t h e  number of d e f e c t s  i s  remaining 
n e a r l y  cons t an t  f o r  temperatures below 250 C .  
0 This sugges t s  a r e d i s t r i -  
b u t i o n  of t h e  d e f e c t s  o r  an a s s o c i a t i o n  of t h e  d e f e c t s  i n  such a way 
t h a t  they are  l e s s  e f f e c t i v e  i n  s c a t t e r i n g  t h e  c a r r i e r s .  
0 
Figure 4 relates t o  t h e  measurement of r e s i s t i v i t y  below 10 K 
where t h e  f u n c t i o n a l  form i s  
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p, i s  t h e  l i m i t i n g  va lue  of t h e  r e s i s t i v i t y  f o r  t h e  case of 1 / T  + 0. 
The p resen t  understanding of t h i s  region of c o n d u c t i v i t y  sugges t s  t h a t  
€ 2  i s  t h e  a c t i v a t i o n  energy needed t o  i o a i z e  a donor w i t h  t h e  f r e e  elec- 
t r o n  going i n t o  a band formed from nega t ive  charged s ta tes  of t h e  donors.  
This  q c t i v a t i o n  occurs  i n  a ve ry  l imi t ed  r e g i o n  of donor concen t r a t ion  
and compensation. It has  been suggested t h a t  as t h e  e l e c t r o n  ove r l ap  
between donors i n c r e a s e s  wi th  t h e  occupat ion of t h e  donor s t a t e s ,  € 2  
decreases  t o  zero.’ The p r e s e n t  measurements confirm t h i s  model, i n  
t h a t  € 2  i s  e s s e n t i a l l y  unchanged u n t i l  t h e  c o n c e n t r a t i o n  of e l e c t r o n s  i n  
t h e  donor s ta tes  begins  t o  inc rease .  
29OoC. 
t h e  m o b i l i t y  does n o t  seem t o  a i t e r  t h e  conduc t iv i ty  Selow ?O°K. 
This occurs  q u i t e  ab rup t ly  a t  about 
It i s  a l s o  i n t e r e s t i n g  t h a t  anneal ing of t h e  d e f e c t s  t h a t  l i m i t  
This 
would suggest  t h a t  t h e  s c a t t e r i n g  c e n t e r s  may n o t  i nvo lve  t h e  n e u t r a l  o r  
t h e  ion ized  donors,  bu t  are p r imar i ly  t h e  accep to r s  t h a t  are introduced 
by t h e  r a d i a t i o n .  There are o the r  a l t e r n a t i v e s  t o  t h i s  sugges t ion ,  
however. The ion ized  donors may be  involved i f  they are a s s o c i a t e d  wi th  
i m p u r i t i e s  of o t h e r  donors,  although i t  i s  a l i t t l e  hard t o  understand 
how € 2  i s  s o  l i t t l e  a f f e c t e d ,  i f  t h i s  i s  t h e  case.  
Attached t o  t h i s  r e p o r t  i s  an a b s t r a c t  of t h e  paper t h a t  w i l l  be 
p re sen ted  a t  t h e  American Physical  Society i n  March, 1966. 
Tunneling Between a Semiconductor and Superconductor 
The r e s u l t s  of t h e  annealing of d e f e c t s  and t h e  gene ra t ion  of 
d e f e c t s  i n  h igh ly  doped mater ia ls’  sugges t s  t h a t  t h e  s tudy of t h e  impur- 
i t y  band conduc t iv i ty  i s  an  important t o o l  i n  t r y i n g  t o  understand some 
of t h e  r a d i a t i o n  damage processes i n  semiconductors. I n  o r d e r  f o r  t h i s  
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t o  b e  s u c c e s s f u l ,  however, a b e t t e r  understanding of t h e  impuri ty  conduc- 
t i o n  process  i s  needed, It i s  important t o  determine,  d i r e c t l y ,  t h e  
width of t h e  impuri ty  band, i t s  s e p a r a t i o n  from the  conduction ( o r  
valence)  band, t h e  e f f e c t i v e  mass of t h e  charge c a r r i e r s  i n  t h e  impuri ty  
band and t h e  d e n s i t y  of s ta tes  i n  t h i s  band. One of t h e  most promising 
ways of doing t h i s  would be t o  measure t h e  c u r r e n t  v o l t a g e  c h a r a c t e r i s t i c  
of a j u n c t i o n  composed of t h e  semiconductor, t h i n  i n s u l a t o r ,  and a super- 
conductor such as l e a d .  I f  t h e  i n s u l a t o r  i s  s u f f i c i e n t l y  t h i n  (about 
100' A ) ,  t unne l ing  w i l l  occur between t h e  two materials.  
0 
The magnitude 
of t h e  tunne l ing  c u r r e n t  depends upon t h e  d e n s i t y  of s ta tes  i n  each con- 
d u c t o r  and t h e  occupat ion of t hese  s ta tes .  Since t h e s e  q u a n t i t i e s  are 
w e l l  known f o r  superconductors such as l e a d ,  t h i s  technique csn be  iised 
as a t o o l  f o r  probing t h e  semiconductor. To d a t e ,  t h e  work has involved 
developing a technique f o r  making a t h i n  oxide l a y e r  on t h e  s u r f a c e  of 
a cleaved c r y s t a l  of t h e  semiconductor. It appears t h a t  t h i s  can be 
done and t h a t  a p a r t i a l  success  has been a t t a i n e d .  Fu r the r  work i s  
needed b e f o r e  completely reproducible  r e s u l t s  w i l l  be  ob ta ined .  
Pe r  s onne 1 
Clr. E. L. Wnlfj Mr, Ralph Hewes ,  M r .  Robert Spry and M r .  Steven 
Depp were employed on t h i s  p r o j e c t  during t h e  p a s t  s i x  months. 
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minutes at each of the indicated temperatures for a sample of 
neutron irradiated germanium containing 2 2 x antimony 
atoms/cm . 3 
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Radiative Electron-Hole Recombination in Neutron and Gamma-Irradiated Silicon 
Robert James Spry 
University of Illinois 
Recombination luminescence of optically injected carriers has been 
observed in both n- and p-type Czochralski and float zone grown silicpn 
after bombardment with high energy neutrons and Co6' gamma rays. 
luminescence bands peaking at 1.31 and 1.66 microns appear at 77°K in 
Distinct 
gamma ray irradiated n-type Czochralski silicon. The long wavelength band 
is always weaker. 
Ychnevich using electrical injection. 
Similar spectra have been reported by Ivanov and 
1 - The luminescent spectra of p-type 
Czochralski silidn exhibit a band peaking at 1.34 microns and having a 
long wavelength tail, while both n- and p-type float zone material exhibit 
only the major band at 1.34 microns. The results are similar for the case 
of bombardment by fast neutrons with  the exception that no distinct long 
wavelength band is found in n-type Czochralski material. All bands dis- 
appear upon warming the sample above liquid nitrogen temperature. The 
intensities of both Luminescence bands liiireass and t h e  i n t r i r ~ i c  energy 
gap luminescence disappears with increasing irradiation. 
* 
Work supported in part by National Aeronautics and Space Administration 
Grant NsG 228-62. 
' 5 .  L. Ivanov and A. V. Ychnevich, Zh. Fiz. Te Tekh. a, 3073 (1964). 
. .  
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Carrier Recombination in Gamma Irradiated Silicon 
Ralph A. Hewes (introduced by W. Dale Compton) 
University of Illinois 
The temperature dependence of the lifetime of optically generated 
excess carriers has been studied in large crystals (2 x 5 x 20 mm) of 
silicon following irradiation by Co gamma rays at room temperature, 
The temperature dependence of the lifetime was analyzed to find the 
position of the energy levels of the defects in the forbidden gap using 
formulae of the type found by Wertheim for transient recombination of 
carriers through one or more defect levels. Phosphorus-doped crystals 
with resistivities between 20 and 200 ohm-cm (float-zoned) and 20 and 
400 ohm-cm (pulled) and boron-doped crystals with resistivities between 
20 and 6000 ohm-cm (float-zoned) and 10 and 250 ohm-cm (pulled) were 
used. Two levels were found to be active in n-type float-zoned and 
p-type pulled materials for all resistivities. One level was found to 
dominate p-type float-zoned material. 
deeper level was seen to controi che iiietirile iii h igh  r s s i . s t % v t t y  
material than in lower (p 2 80 ohm-cm) material. 
rates for all materials except p-type float-zoned were dependent on 
resistivity. 
60 
1 
For n-type pulled material a 
Lifetime degradation 
* 
Work supported in part by National Aeronautics and Space Administration 
Grant NsG 228-62. 
G. K. Wertheim, Phys. Rev. 2, 1086 (1958). 1 
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Annealing of Neutron-Irradiation-Induced Changes in Impurity Conduction 
in Antimony-Doped Germanium 
* 
E. L. Wolf and W. D. Compton 
University- of I1 linois 
An isochronal annealing study in the range 100 to 4OO0C has been 
17 made of fast neutron damage in two germanium samples containing 2.2 x 10 
cm-3 antimony donors. The measured parameters are the Hall constant at 
ice point and 78°K and the conductivity at temperatures from ice to 1.8'K. 
The samples initially show a temperature-independent or metallic conduc- 
tivity below 10"K, indicating the presence of a donor izpurity band. 
Irradiation introduces deep trapping levels to reduce the ice-temperature 
conduction electron concentration to 0.6 of its original value, and lowers 
the (impurity band) conductivity at 1.8"K by an order of magnitude. The 
1.8'K reduction in conductivity corresponds in part to the appearance of 
-3 an activation energy ~ ~ - 1 0  eV characteristic of the intermediate 
range of impurity conduction.' The first major annealing step of the € 2  
parlmeter (and the carrier concentration at 78°K) occurs near 300°C. 
The 78°K mobility recovers its initial value near 275°C. Possible 
annealing mechanisms and the nature of the € 2  process are discussed. 
* 
Research supported by National Aeronautics and Space Administration 
under Grant NsG 228-62. 
E. A. Davis and W. D. Compton, Phys. Rev. 140, A2183 (1965). 1 
